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The synthesis and characterization of solution processable donor–acceptor–donor (D–A–D) based

conjugated molecules with varying ratios of thiophene as donor (D) and benzothiadiazole as acceptor

(A) are reported. Optical, electrochemical, thermal, morphological and organic thin film transistor

(OTFT) device properties of these materials were investigated. The thermal and polarized optical

microscope analysis indicates that the materials having higher D/A ratios exhibit both liquid crystalline

(LC) and OTFT behavior. AFM analysis of the materials having D/A ratios of 3 and 4 (3T1B and

4T1B) show well ordered structures, resulting from strong p–p interchain interactions compared to the

other molecules in this study. A XRD patterns for 3T1B and 4T1B thin films also shows high crystalline

ordering. Solution processed OTFTs of 3T1B and 4T1B have shown un-optimized charge carrier

mobilities of 2 � 10�2 cm2 V�1 s�1 and 4 � 10�3 cm2 V�1 s�1, respectively on bare Si/SiO2 substrate.
1. Introduction

Conjugated semi-conducting materials have been the focus of

intense research over the last two decades as they exhibit a variety

of interesting optical, electrochemical, morphological and elec-

trical properties.1 For example, active thin layers on the order of

10–100 nm of such materials can be applied in various electro-

optical devices such as organic light emitting diodes (OLEDs),2

organic photovoltaic devices (OPVs)3,4 and organic thin film

transistors (OTFTs).5 These materials are promising for such

devices as they meet the prerequisite of charge transporting

properties, band-gap energy, and light absorption/emission

characteristics. Among these materials, conjugated molecules

can be more desirable than polymers due to properties such as

straightforward purification methods, high purity, simple pro-

cessing (spin coating, printing, and evaporation) and ample

scope for structural modification that makes them promising

candidates for electronic devices.6,7 Over the past few years, an

extensive range of functionalized p-conjugated materials have

been designed and synthesized with desirable opto-electronic
aInstitute of Materials Research and Engineering (IMRE), The Agency for
Science, Technology and Research (A*STAR), 3 Research Link,
Singapore, 117602, Republic of Singapore. E-mail: sonarp@imre.a-star.
edu.sg; samar-singh@imre.a-star.edu.sg
bUniversit�e de Mons-Hainaut, Service de Chimie des Mat�eriaux Nouveaux,
Place du Parc 20, B-7000 Mons, Belgium
cMicroelectronics Research Center, University of Texas at Austin, Austin,
TX, 78758, USA

† Electronic supplementary information (ESI) available: MALDI-TOF
spectra, NMR spectra, cyclic voltammograms, DSC thermographs,
polarizing optical micrographs, TGA spectra and XRD patterns. See
DOI: 10.1039/b820528k

‡ Current address: Department of Materials Science and Engineering
and the Center for Advanced Molecular Photovoltaics (CAMP),
Geballe Laboratory for Advanced Materials, 476 Lomita Mall,
Stanford University, Stanford, CA 94305-4045, USA.

3228 | J. Mater. Chem., 2009, 19, 3228–3237
properties.1 Of these materials, low band gap conjugated mate-

rials are of interest because of their high tendency for harvesting

visible wavelength photons, tunable red-ox and utility in ambi-

polar transistors.8,9 Additionally this system enhances the intra-

molecular charge transfer which can promote charge carrier

mobility.10 An important property to this end is the modulation

of the HOMO–LUMO (highest occupied molecular orbital–

lowest unoccupied molecular orbital) gap of conjugated mole-

cules, which can be simply achieved by introducing suitable

electron donor and acceptor (D/A) functional groups within the

molecule.11–13 In such systems, interactions of the HOMO of the

electron donating (D) and the LUMO of the electron accepting

(A) moiety causes the reduction of the band gap of these mate-

rials.14–16 The opto-electronic properties of organic molecules

composed of donor and acceptor moieties can be manipulated by

systematic control of the numbers of donors and acceptors

moieties within the molecules. A key characteristic of these novel

semi-conductors is that these types of materials can assist

manipulation of electronic structures and crystallinity.17,18

Although the D–A–D approach in organic materials have been

systematically studied for tuning the optical properties, there are

very few examples reported on the electrical properties and their

application in organic devices.19–21 Contrary to D–A–D mole-

cules recently A–D–A kind of compounds are also synthesized

and investigated for OTFT applications.22 In such molecular

systems, it could be an interesting study to evaluate the electrical

properties with respect to the D : A ratio within the D–A–D or

A–D–A materials. One potential limitation is that most alkyl free

organic semi-conducting materials have very limited solubility in

organic solvents, which makes solution processing virtually

impossible. To truly realize the advantage of these materials for

solution processable devices, alkyl substitution is necessary.23

Furthermore, symmetrical or asymmetrical alkyl substitution

may help to induce highly ordered smectic mesophases in such
This journal is ª The Royal Society of Chemistry 2009



Scheme 2 Synthesis of the thiophene–benzothiadiazole precursors.
materials.24 Such behaviour in organic thin films may be

advantageous as it supports morphological reorganization which

may enhance the effective charge transport.25

In this study we have designed and synthesized materials

having benzothiadiazole as an acceptor and thiophene as donor

moieties with hexyl/octyl chains for solubility. The benzothia-

diazole group has been selected in many systems as it acts as both

an electron transporting and highly fluorescent chromophore.26–29

Additionally, the link of benzothiadiazole with thiophene

segments represent a useful material combination resulting in red

shifted UV-vis and emission spectra compared to equivalent

oligothiophenes. Apart from this, the sulfur–nitrogen (S–N)

interactions within these molecules may lead to unique molecular

assemblies.20 The molecules reported here are red to orange

emitters with optical band gap in the range of 1.95–2.22 eV.

Additionally, optical, electrochemical, thermal, morphological

and thin film transistor properties of these D–A–D materials

were studied. Preliminary results demonstrate OTFTs made from

3T1B and 4T1B30,31 on bare Si/SiO2 with mobilities of 2 � 10�2

and 4 � 10�3 cm2 V�1 s�1 respectively using solution based

deposition of the semi-conducting material.
Scheme 3 Synthesis of thiophene–benzothiadiazole (D–A–D) materials.
2. Results and discussion

2.1 Synthesis and characterization

The structures of the target compounds 4T1B (four thiophene

with one benzothiadiazole), 3T1B (three thiophene with one

benzothiadiazole), 2T2B (two thiophene with two benzothia-

diazole) and 2T1B (two thiophene with one benzothiadiazole)

are illustrated in Scheme 1. 4T1B and its detailed synthesis are

reported elsewhere.31 3T1B, 2T2B and 2T1B materials are

reported here for the first time (to the best of our knowledge) and

were synthesized using Suzuki and Stille coupling routes. In this

manuscript we are reporting the synthesis and characterization

of 3T1B, 2T2B and 2T1B materials and their comparative study

with 4T1B.

As shown in Scheme 2, the starting material 2-tributylstannyl-

5-octylthiophene (2) was first synthesized from 5-octylthiophene

(1) by selectively lithiating at the 5-position using n-butyllithium

followed by reacting with tributyl tin chloride using known

procedures. 4-(5-octylthiophen-2-yl)benzo[c][1,2,5]thiadiazole

(3) was synthesized in 65% yield by Stille coupling using one

equivalent of 4-bromobenzo[c][1,2,5]thiadiazole with an excess
Scheme 1 Chemical structures of thiophene–benzothiadia
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of 2-tributylstannyl-5-octylthiophene (2) (1.5 eqv.) using

Pd(PPh3)4 as a catalyst in DMF solvent. 4-Bromo-7-(5-octylth-

iophen-2-yl)benzo[c][1,2,5]thiadiazole (4) was then obtained

from compound 3 by bromination using N-bromosuccinimide

(NBS) in a DMF/chloroform solvent mixture at 60 �C for two

days. 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-7-(5-

octylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (5) was prepared

from compound 4 by using bis(pinacolato)diboron,

[PdCl2(dppf)] (dppf ¼ 1,10-bis(diphenylphosphino)ferrocene) as
zole based donor–acceptor–donor (D–A–D) materials.
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the catalyst, KOAc (potassium acetate) as the base and 1,4-

dioxane as the solvent at 100 �C for 24 h.

The syntheses of all materials are depicted in Scheme 3. 3T1B

was isolated as a bright red powder in 65% yield from the Suzuki

coupling of commercially available 2-(5-(5-hexylthiophen-2-

yl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6)

and 4 using Pd(PPh3)4 as a catalyst, and 2M K2CO3 as base in

toluene. 2T2B was isolated as a red-orange solid in 70% yield by

Suzuki coupling using 5 and 4 under the same conditions as used

for 3T1B. 2T1B was isolated as a bright orange solid in 60% yield

by the Stille coupling of one equivalent 4,7-dibromo-

benzo[c][1,2,5]thiadiazole with 2.5 equivalents of 2. All the

materials were prepared at the z300 mg scale and are soluble in

common organic solvents such as toluene, dichloromethane,

chloroform and THF. All the materials were confirmed by

MALDI-TOF (Fig. S1),† and purity by elemental analysis, 1H

and 13C NMR spectroscopy (Fig. S2–S4).†
2.2 Optical properties

The absorption spectra of the materials were measured in chlo-

roform solutions and are shown in Fig. 1a (Table 1). All the

materials exhibit two absorption peaks attributed to thiophene

constituent and the charge transfer associated with benzothia-

diazole moiety (Table 1). As expected 4T1B, having the longest
Fig. 1 Absorption (a) and PL (b) spectrum of the materials in chloro-

form.
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conjugation length, exhibits a more red shifted peak absorption

value of 521 nm compared to the other materials. Consequently,

materials 2T2B and 2T1B, having a shorter conjugation length

(compared to 4T1B and 3T1B) exhibit a more blue shifted

absorption maxima of 470 nm. The explanation for these varying

optical values are also related to the difference in steric hindrance

imparted by the benzothiadiazole–thiophene, thiophene–thio-

phene and benzothidiazole–benzothidiazole linkages and dihe-

dral angles between two units that seem to affect the planarity of

the molecules. For example, 2T2B has a longer conjugation

length than 2T1B, although it shows a 32 nm blue shift in PL

maxima. This is attributed to the twisting of two adjacent ben-

zothiadiazole groups thus causing a disruption in conjugation

length and the stabilization of the LUMO by the electron-with-

drawing groups. Similar observations are also reported recently

for pyridine–benzothiadiazole based co-oligomers.32 3T1B shows

an absorption maximum at 489 nm which is 19 nm red shifted

compared to 2T2B and 2T1B, as expected, this value is in

between that of 4T1B, 2T2B and 2T1B.

The fluorescence spectra for all four materials in chloroform

are shown in Fig. 1b (Table 1). 4T1B and 3T1B exhibit strong red

PL maxima at 650 nm and 628 nm respectively. The blue shift of

22 nm for 3T1B compared to 4T1B is due to reduction in

conjugation length. 2T2B and 2T1B exhibit strong orange

emission with PL maxima at 572 nm and 604 nm respectively.

The lower band gaps are obtained for 4T1B and 3T1B (1.95–2.03

eV) whereas 2T2B and 2T1B (2.21–2.25 eV) showed higher band

gaps as determined by the optical UV onset values (see Table 1).

This result clearly indicates that the donor and acceptor inter-

action either in alternating fashion or discreet blocks within the

molecule plays a significant role in modulating planarity and

photophysical properties.
2.3 Electrochemical properties

The material’s electrochemical properties were investigated by

cyclic voltammetry (CV) to estimate the electrochemical band

gaps and HOMO/LUMO energy levels as a function of the D/A

ratio. All CV measurements were recorded at room temperature

with a conventional three electrode configuration consisting of

a platinum wire working electrode, a gold counter electrode, and

an Ag/AgCl reference electrode under argon. Electrochemical

band gaps were calculated from onset potentials of the anodic

and cathodic waves (Fig. S5).† The measured potentials were

converted to SCE (saturated calomel electrode) and the corre-

sponding ionization potential (IP) and electron affinity (EA)

values were derived from the onset redox potentials, based on

�4.4 eV as the SCE energy level relative to vacuum (EA ¼
Ered-onset + 4.4 eV, IP ¼ Eox-onset + 4.4 eV). The effect of the D/A

ratio on the oxidation/reduction onsets and band gaps can be

compared by using the values reported in Table 1. From the

values it can be seen that the HOMO levels for the series shows

a predictable trend – highest to lowest values correspond to the

D/A ratio. As the donor (thiophene) content increases in the

material with respect to acceptor (benzothiadiazole), the HOMO

level rises (see the trend for 4T1B,31 3T1B and 2T1B). This is due

to the higher number of electron donating moieties which

reduces the oxidation onset. LUMO value tuning depends more

on the number of acceptor moieties present in the material.
This journal is ª The Royal Society of Chemistry 2009



Table 1 Summary of absorption maxima, emission maxima, HOMO/LUMO levels and derived electrochemical band gaps for materials

Materials Abs. lmax/nm PL lmax/nm Optical band gap/eVa HOMOb LUMOc Electrochemical band gap/eV

4T1B 521, 366 650 1.95 5.15 3.25 1.90
3T1B 489, 349 628 2.03 5.27 3.27 2.00
2T2B 470, 310 572 2.21 5.50 3.33 2.17
2T1B 470, 318 604 2.25 5.34 3.12 2.22

a Calculated from optical onset. b Calculated from oxidation onset against Ag/AgCl (4.4 eV). c Calculated from reduction onset against Ag/AgCl
(4.4 eV).
Among all compounds, 2T2B shows the highest LUMO value,

this is due to two electron accepting benzothiadiazole units

present in the molecule. From the results reported thus far, it is

clear that systematic changes in the donor to acceptor ratios

can tune the HOMO–LUMO levels. The lower energy gaps

observed for all these D–A–D molecules can be attributed to the

intramolecular charge transfer from the thiophene to the ben-

zothiadiazole unit. Electrochemical band gaps obtained from

HOMO–LUMO differences was found to be in good agreement

with the optical band gaps calculated from the UV-vis absorp-

tion onset. Finally, the HOMO values of 4T1B and 3T1B are

suitable for making oxidative stable devices which is prerequisite

condition for processing OTFTs.
2.4 Thermal properties

The thermal behaviour of the all materials was determined by

repeated heating–cooling cycles using differential scanning

calorimetry (DSC) analyses at a heating rate of 10 �C min�1.

From DSC, only 4T1B31 and 3T1B exhibit multiple transitions,

suggesting the formation of LC phases (Table 2). For example,

the DSC thermogram of 4T1B indicates multiple endothermic

peaks at 125, 175, 202 and 210 �C while 3T1B shows two

endothermic peaks at 105 and 130 �C (Fig. S7).† The lower

transition temperatures of 3T1B compared to 4T1B is likely due

to the increased alkyl chain length, reduced conjugation length,

and asymmetric nature of the molecule in terms of aromatic and

aliphatic moieties. The other materials in this study, 2T2B and

2T1B exhibit only single melting point transitions at 102 and 77
�C respectively (Fig. S6).†

LC behavior was confirmed by using polarized optical

microscopy (POM) with a variable temperature hot-stage

(Fig. S8).† The optical micrograph for 4T1B clearly indicates

a crystalline to LC transition at 175 �C and LC to isotropic

transition at 210 �C on heating. On cooling, the isotropic liquid
Table 2 Summary of melting points and DSC/TGA transition temper-
ature data for materials

Materials Tm/�Ca Tc/�Cb Td/�Cd

4T1B 175 210 390
3T1B 105 130 350
2T2B 102c — 340
2T1B 77c — 300

a Crystal-to-liquid crystal transition temperature. b Liquid crystal-to-
isotropic transition temperature. c Melting point. d Decomposition
temperature.
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droplets appear at 195 �C and eventually coalesce into a mosaic

structure at 185 �C. In the case of 3T1B, the optical image shows

a crystalline to LC transition at 105 �C and LC to isotropic

transition at 130 �C on heating. All of these transitions are

consistent with the endothermic peaks observed via DSC. It is

interesting to note that the same two materials (3T1B and 4T1B)

that show LC behaviour also show OTFT mobilities, as will be

shown in the OTFT section below. Thermal decomposition of all

the materials was carried out using thermogravimetric analysis

(TGA). Thermal decomposition temperatures (Td, 5% wt loss)

for 4T1B,31 3T1B, 2T2B and 2T1B were observed at 390, 350, 340

and 300 �C respectively (Table 2 and Fig. S9).† These values

clearly indicate the high thermal stability of the materials which

is necessary for various processing methods such as thermally

induced vacuum deposition.
2.5 Morphological properties

A solution of each material having a concentration of 0.1 mg

ml�1 in toluene or tetrahydrofuran was deposited on the

substrate using a micro syringe and left to evaporate for up to 48

h in a solvent-saturated atmosphere. This choice of solvents was

motivated by the fact that they are good solvents for the four

materials. In this way, the morphology of the thin layer deposits

are expected to be governed by the self-assembling behavior of

the materials (if self-assembly occurs). Thin solid-state deposits

from conjugated compounds molecularly dispersed in solution,

upon slow evaporation, mainly show three types of interactions

(molecule–molecule, molecule–solvent, and molecule–surface),

which provides additional tunability for the controlled formation

of conjugated nanostructures.33

Fig. 2 illustrates the typical morphologies observed by AFM

on mica substrate for the four compounds. The two longest

molecules, i.e., those with four and five heteroaromatics, 3T1B

and 4T1B show micrometer-long strip-like structure and more

elongated organized monolayers respectively. In contrast, the

shortest materials 2T2B and 2T1B form round-shaped and non-

textured aggregates suggesting that the molecules interact only

weakly during the evaporation process. The difference in

behavior between the four compounds most probably originates

from their different capability of forming densely-packed

assemblies of p–p interacting molecules due to intermolecular

interactions. The general shape of the molecules, the length of the

conjugated backbones, the ratio between the number of thio-

phene and benzothiadiazole units and therefore their relative

affinity to self-assemble are the main parameters governing the

long range organization. The observed difference between the

measured thicknesses and the calculated values (from molecular
J. Mater. Chem., 2009, 19, 3228–3237 | 3231



Fig. 2 AFM height images of thin deposits (from toluene solution) (a)

2T1B (b) 2T2B (c) 3T1B and (d) 4T1B on freshly cleaved mica substrates.

The scale bar is 1.0 mm and the Z-greyscales are 10 nm for 2T1B and 5 nm

for the others.

Fig. 3 The electron density isocontours of HOMO and LUMO of

materials optimized with DMol3 Module. The hexyl/octyl groups have

been replaced with methyl groups in the calculation.
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modeling) for the material length most likely originates from the

chemical structures of the compounds. More specifically, the fact

that the torsional barrier energies between the thiophene–thio-

phene, benzothiadiazole–benzothiadiazole and thiophene–ben-

zothiadiazole units are different, leads to a certain capability for

the conjugated moieties to rotate and accommodate each other

or not. As a consequence, depending on the molecules, the hexyl/

octyl chains are pointing in different directions, which therefore

affects the packing of the materials. This situation is similar to

what it is observed in thiophene–fluorene- and thiophene–

indenofluorene-based materials.34 Layers are sometimes stacked,

as shown in Fig. 3b. In this case, when the solvent evaporates

slowly, the thin liquid layer dewets and the self-assembly occurs

in the round-shaped droplets. The upper monolayers here seen as

bright spots in the center of the domains are formed at the end of

the self-assembly process. Such kind of observations were also

observed for thiophene-based materials.35 These results show

that the supramolecular organization of the different conjugated

segment within the chains of D–A–D materials and their relative

position seem to be particularly important to achieve efficient

p-stacking and good performances in OTFTs.
2.6 Thin film X-ray diffraction

To investigate the molecular packing of D–A–D materials, we

performed X-ray diffraction (XRD) experiments of the spin

coated thin films deposited on Si/SiO2 substrates at room

temperature. X-Ray diffraction pattern (Fig. S10) with reflec-

tions and their corresponding d-spacings listed in Table 3. XRD

data shows that the high order of crystallinity for materials 4T1B

and 3T1B is consistent with the LC properties observed in the

DSC (see supporting information)† and AFM analysis (Fig. 3)

respectively. Lower d-spacing (26.58 Å) is observed for the

smaller molecule 2T1B, and higher d-spacing (33.43 Å) for the

longer molecule 4T1B. For 4T1B, a detailed XRD study is

described in our previous publication.31 In the case of 3T1B,

peaks at 3.02 and 3.56 degrees 2q (dspacing of 29.22 Å and 24.78 Å)

indicates that the sample is consistent with the molecular length,

which is estimated to be ca. 29 Å. For 2T2B and 2T1B, peaks at

2.83 and 3.32 degrees 2q corresponding to dspacing of 31.18 and

26.58 Å respectively. The peak found at 7.72 degrees 2q is an

artifact of the substrate and can be seen only in low intensity

samples (T4B1, T2B2 and T2B1) whereas for high intensity

sample (3T1B) the peak is buried in the baseline noise. The higher

molecular length of 2T2B over 3T1B (confirmed theoretically as

well as experimentally) is due to two octyl chain substitution at

the both ends of molecule and two benzothiadiazole units. The

sharp and strong reflection peak intensities of 3T1B compared to

4T1B in solution processed films indicates the high degree of
Table 3 d-Spacing calculated from 2q diffraction peaks of spin coated
materials on Si/SiO2

Materials 2q (degree) dspacing/Å

4T1B 2.64 33.42
3T1B 3.56, 3.02 29.22, 24.78
2T2B 2.83 31.18
2T1B 3.32 26.58

This journal is ª The Royal Society of Chemistry 2009



ordering, often times necessary for achieving high OTFT

mobilities.

2.7 DFT electronic structure calculation

To understand the optical/electrochemical trends observed due

to the combination of donor and acceptor moieties, density

functional theory (DFT) electronic structure computation were

performed using the DMol3 module in the Materials Studio

Modeling software package (Accelrys Inc.). Self consistent-field

(SCF) density convergence was 10�6 and an orbital cutoff of 4 Å

was used for all atoms. The convergence tolerances for energy

change, maximum force, and maximum displacement between

optimization cycles were set as 10�5 hartree, 0.002 hartree Å�1,

and 0.005 Å, respectively. The electron density isocontours of

HOMO/LUMO levels for D–A–D materials are shown in Fig. 3

where hexyl/octyl groups were replaced by the methyl group for

simplicity. In all materials, the HOMOs and LUMOs are nearly

completely localized on the donor (thiophene) and acceptor

(benzothiadiazole) moieties respectively. The localization of the

HOMO is higher in 4T1B and 3T1B whereas localization of

the LUMO is higher in 2T2B and 2T1B. Such localization of the

HOMO/LUMO orbitals on D/A units has been commonly

observed in previous theoretical studies of D–A–D molecules.36

It is generally indicative of a HOMO / LUMO absorption

transition bearing a significant charge-transfer character. The

calculated HOMO/LUMO eigen-values of the energy optimized

structures are listed in Table 4. The theoretically predicted

HOMO energy levels are about 0.6 eV lower whereas the LUMO

energy levels match well with electrochemical data. The lower

HOMO values than those estimated experimentally may be

related with various effects such as conformation and solvation

which were not taken into account. The predicted band gap

calculated from DFT calculations and optical-electrochemical

data shows similar trends. Weak and strong hydrogen bonding

due to sulfur and nitrogen within D–A–D oligomers makes

possible the minimization of dihedral angles between adjacent

(thiophene and benzothiadiazole) units. The 2T2B molecule is

not planar as it showed the distortion and the dihedral angle

about 25 degrees measured between two benzothiadiazole units.

This observation also supports the blue shift observed in the

optical analysis of 2T2B compared to the other molecules. As the

conjugated aromatic part plays a crucial role for the charge

delocalization; molecular length of the aromatic portion of these

D–A–D materials were determined and their corresponding

values are indicated in Table 4. 4T1B is the longest material and

shows a conjugated molecular length around 18.17 Å whereas the

molecular lengths for the other materials 3T1B, 2T2B and 2T1B

are 14.43, 15.17 and 10.72 Å respectively. 2T2B shows longer

molecular length than 3T1B due to bigger size of phenyl rings of
Table 4 Summary of DFT derived HOMO and LUMO energies and molec

Materials HOMO/eV LUMO/eV

4T1B �4.59 �3.40
3T1B �4.68 �3.38
2T2B �4.89 �3.50
2T1B �4.82 �3.34
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two benzothiadiazole units (six membered) compared to the

thiophene ring (five membered). More planar 3T1B and 4T1B

oligomers only showed performance in OTFT devices.
2.8 Thin film transistor characteristics

The electrical properties of the D–A–D materials were investi-

gated by fabricating and evaluating OTFTs using solution pro-

cessing techniques. Top contact geometry devices were fabricated

on heavily doped n+-Si wafers with 200 nm thermally grown SiO2

substrates. The effect of surface modification on device perfor-

mance using octyltrichlorosilane (OTS-8) self assembled mono-

layers (SAMs) was also studied. Among all the materials studied

here, only the two LC materials 3T1B and 4T1B showed OTFT

performance. This could be related with various parameters such

as appropriate molecular length, packing and favorable

arrangements required for the charge carrier transport.

We have previously reported the detailed OTFT device char-

acteristics of 4T1B using vacuum processed films,31 whereas in this

paper we are focussing more on solution processing OTFT device

results of new compound 3T1B and its comparison with 4T1B.

Typical TFT transfer characteristics for 3T1B and 4T1B are

shown in Fig. 4. The charge carrier mobilities were calculated

from the saturation regime of the OTFT transfer characteristics

from eqn 1.

msat ¼
vId

vVg

����
Vd¼const

L

WCins

�
Vg � VT

� (1)

The 3T1B and 4T1B based OTFT devices exhibit hole mobilities

of 2 � 10�2 cm2 V�1 s�1 and 4 � 10�3 cm2 V�1 s�1 on bare Si/SiO2

substrate, respectively. These are the highest mobilities reported

for solution processed donor–acceptor–donor (D–A–D) based

molecules.23d The higher mobility of 3T1B compared to that of

4T1B is likely related to the higher molecular ordering shown in

XRD films on Si/SiO2 (strong reflection intensity) and AFM

morphology. High charge carrier mobility of 3T1B is also

correlated with asymmetric substitution of alkyl chains for better

molecular ordering and alkyl interdigitation. Such kinds of

observations have been reported before.37 Interestingly, SAM

treated substrates using OTS-8 improves hole mobility from 4 �
10�3 cm2 V�1 s�1 (on bare substrates) to 6 � 10�3 cm2 V�1 s�1 (on

SAM substrates) for 4T1B but it does not show any significant

improvement in device performance of 3T1B. The devices of

4T1B on Si/SiO2 substrates exhibit noticeable low threshold

voltage (VT � 1.6 V) compared to 3T1B devices (VT � 20 V).

From these observations it is clear that the donor–acceptor

approach can be successfully used to synthesize potential mate-

rials for solution processable high mobility OTFT devices.
ular length of conjugated part of the materials

E gap/eV
Molecular length of aromatic part/
Å

1.18 18.00
1.30 14.36
1.38 15.16
1.48 10.67
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Fig. 4 Current–Voltage Ids–Vds, and Ids–Vgs, characteristics of (i) 3T1B on bare Si/SiO2 and (ii) 4T1B on OTS treated substrate.
3. Conclusions

A series of donor–acceptor–donor (D–A–D) materials of thio-

phene with benzothiadiazole using different D/A ratios have

been synthesized and their optical, electrochemical, thermal and

thin film transistor properties were compared. Optical spectra of

these materials imply that the introduction of electron accepting

benzothiadiazole unit in combination with electron donating

thiophene reduces the optical band gap up to 1.95 eV. Electro-

chemical data suggests the fine tuning of HOMO–LUMO values

depends on D/A ratio combination and conjugation length of the

materials. HOMO values indicate that these D–A–D materials

are chemically stable and suitable for making devices. Thermal

and optical micrograph analysis of 3T1B and 4T1B shows the

liquid crystalline behaviour with high ordering in XRD and

AFM thin films on Si/SiO2 substrates. OTFT devices fabricated

using 3T1B and 4T1B liquid crystalline materials have shown

promising charge carrier mobility of 2� 10�2 cm2 V�1 s�1 and 4�
10�3 cm2 V�1 s�1 on bare Si/SiO2 using simple solution processing

techniques. These classes of D–A–D materials are suitable for

making even higher mobility solution processable OTFT devices
3234 | J. Mater. Chem., 2009, 19, 3228–3237
with further optimization. Further synthesis and studies of using

various donor–acceptors blocks based materials are in progress

in our laboratory.

4. Experimental

4.1. Materials

All commercially available materials were used as received unless

otherwise noted. All reactions were carried out using Schlenk

techniques under an argon or nitrogen atmosphere in anhydrous

solvents.

4.2. Characterization

1H and 13C NMR data were acquired on a Bruker DPX 400 MHz

spectrometer with chemical shifts referenced to residual CHCl3 in

CDCl3. Matrix assisted laser desorption/ionization time-of-flight

(MALDI-TOF) mass spectra were obtained on a Bruker Auto-

flex TOF/TOF instrument using dithranol as a matrix with

selected ionization salts when required. Differential scanning

calorimetry (DSC) was carried out under nitrogen on a TA
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Instrument DSC Q100 instrument (scanning rate of 10 �C min�1).

Thermogravimetric analysis (TGA) was carried out using a TA

Instrument TGA Q500 instrument (heating rate of 10 �C min�1).

Cyclic voltammetry experiments were performed using an

Autolab potentiostat (model PGSTAT30) by Echochimie. UV-

Vis spectra were recorded on a Shimadzu model 2501-PC. Pho-

toluminescence (PL) spectra were measured on a Perkin-Elmer

(LS50B) spectrofluorimeter. The photo-micrographs of the

materials were taken using a Nikon OPTIPHOT2-POL polar-

izing optical microscope fitted with a hot stage using a TP-93

temperature programmer and a TMC-6 RGB 1/200 color CCD

camera with net 500X magnification. The sample was placed on

a glass slide, covered with a glass coverslip and heated on the hot

stage at 10 �C min�1 and cooled at 5 �C min�1. All the images

have a scale bar of 50 mm. AFM measurements were performed

on thin material deposits obtained by solvent casting on glass,

silicon or freshly-cleaved mica substrates. These surfaces are very

flat, which precludes any influence of the substrate topography

on the observed morphology. AFM images were recorded with

a Nanoscope V microscope (Veeco Inc., Santa Barbara, CA)

operated in tapping mode at room temperature in air, using

microfabricated cantilevers (spring constant of 30 N m�1). The

images were recorded with 1024 pixel resolution in each direction

and are shown as captured. X-ray diffraction patterns of spin

coated thin films using equal concentrations deposited at room

temperature on the Si/SiO2 substrates were obtained with

a PANalytical X’PERT PRO system using Cu Ka source in air.
4.3. OTFT fabrication and characterization

Top contact organic thin film transistors (OTFTs) were fabri-

cated on heavily doped n+-Si wafers with 200 nm thermally

grown SiO2. The effect of surface modifications on device

performance using OTS-8 SAMs on Si/SiO2 was studied. OTS-8

treated substrates were obtained by immersing Si/SiO2 substrates

in 0.1 M solution of OTS-8 in toluene at 60 �C for 20 min, and

subsequently rinsed by toluene and isopropanol.38 For all sets of

OTFTs, thin films of T3B1 and T4B1 were spun cast from 12 mg

ml�1 solution in chloroform with spin speeds of 1200 rpm for 60

s. Patterned gold layers of thickness� 100 nm were deposited for

source (S) and drain (D) electrodes through a shadow mask. For

a typical OTFT devices reported here, the source–drain channel

length (L) and channel width (W) was 100 mm and 3 mm,

respectively. The device characteristics of the OTFTs were

measured at room temperature under nitrogen with a Keithley

4200 parameter analyzer.
4.4. Synthetic procedures

4.4.1. 4-(5-octylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (3).

Tributyl(5-octylthiophene-2-yl)stannane (2) (5.0 g, 10.28 mmol),

4-bromobenzo[c][1,2,5]thiadiazole (1.72 g, 8 mmol) and

Pd(PPh3)4 (0.2 mmol, 0.231 mg) were added to a round bottom

Schlenk flask and kept under vacuum for 15 min. DMF (30 ml)

was then added in to the above mixture under argon and stirred

for another 15 min. The solution was subjected to three vacuum/

argon refill cycles and then heated at 100 �C with vigorous stir-

ring for 72 h under argon. Reaction completion was confirmed

by MALDI-TOF and TLC. The mixture was then poured into
This journal is ª The Royal Society of Chemistry 2009
water and extracted with dichloromethane. The organic layer

was washed three times with water and dried over MgSO4. The

crude product was purified using column chromatography (silica

gel, hexane : dichloromethane as eluent) to yield 1.72 g (65%) of

the product as a dark yellow viscous liquid which solidified at

room temperature after a few hours.

dH (400 MHz, CDCl3): 7.93–7.92 (d, 1H, Btz), 7.86–7.84 (d,

1H, Btz), 7.74–7.74 (d, 1H, Btz), 7.58–7.56 (d, 1H, Th), 6.87–6.86

(d, 1H, Th) 2.89–2.85 (t, 2H, CH2), 1.76–1.73 (t, 2H, CH2), 1.33–

1.28 (m, 10H, 5CH2), 0.90–0.87 (t, 3H, CH3).

dC (100 MHz, CDCl3): 155.98, 152.59, 148.30, 137.03, 129.98,

128.40, 128.27, 125.54, 125.05, 119.81, 32.24, 31.99, 30.66, 29.71,

29.58, 29.55, 23.02, 14.43.

4.4.2. 4-bromo-7-(5-octylthiophen-2-yl)benzo[c][1,2,5]thiadia-

zole (4). A solution of N-bromosuccinimide (NBS) (1.48 g, 8.31

mmol) in DMF (10 ml) was added dropwise to a solution of (3)

(2.20 g, 6.65 mmol) with exclusion of ambient light and the

reaction mixture was stirred for 72 h at 60 �C. The mixture was

poured into water and extracted with dichloromethane. The

organic extract was dried over magnesium sulfate and the solvent

removed under reduced pressure. The crude product was purified

by column chromatography eluting with hexane : dichloro-

methane to give the product (4) (1.75 g, 64%) as bright deep

yellow solid.

dH (400 MHz, CDCl3): 7.93–7.92 (d, 1H, Btz), 7.83–7.81 (d,

1H, Btz), 7.64–7.62 (d, 1H, Th), 6.87–7.86 (d, 1H, Th), 2.89–2.85

(t, 2H, CH2), 1.74–1.72 (t, 2H, CH2),1.32–1.28 (m, 10H, 5CH2),

0.88–0.86 (t, 3H, CH3).

dC (100 MHz, CDCl3): 154.25, 152.26, 148.94, 136.27, 132.66,

128.58, 127.94, 125.73, 125.45, 111.96, 32.23, 31.94, 30.68, 29.69,

29.56, 29.54, 23.01, 14.41

4.4.3. 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-7-(5-oct-

ylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (5). A solution of 4(1.10

g, 2.68 mmol), bis(pinacolato)diboron (0.800 g, 3.12 mmol),

PdCl2(dppf) (400 mg, 0.48 mmol), and KOAc (0.770 g, 7.7 mmol)

in degassed 1,4-dioxane (15 ml) was stirred at 80 �C overnight

under argon. The reaction was quenched by adding water, and

the resulting mixture was washed with ethyl acetate. The organic

layers were washed with brine, dried over Na2SO4, and concen-

trated in vacuum to yield a dark red viscous liquid. The crude

product was purified by silica gel chromatography using 3% ethyl

acetate in hexane to give the desired compound as a red viscous

liquid (0.700, 57%).

dH (400 MHz, CDCl3): 8.16–8.14 (d, 1H, Btz), 8.02–8.01 (d,

1H, Btz), 7.78–7.76 (d, 1H, Th), 6.88–6.87 (d, 1H, Th), 2.88–2.86

(t, 2H, CH2), 1.74–1.72 (t, 2H, CH2),1.44–1.41 (s, 12H, 4CH3),

1.32–1.24 (m, 10H, 5CH2) 0.89–0.86 (t, 3H, CH3).

dC (100 MHz, CDCl3): 158.57, 152.31, 149.26, 139.51, 137.11,

133.33, 130.90, 130.05, 129.03, 128.71, 125.71, 124.28, 84.64,

32.24, 31.99, 30.72, 30.06, 29.71, 29.54, 25.30, 23.02, 14.44.

4.4.4. 4-(5-(5-hexylthiophen-2-yl)thiophen-2-yl)-7-(5-octylth-

iophen-2-yl)benzo[c][1,2,5]thiadiazole (3T1B). Compound 4

(0.600 g, 1.46 mmol) and 2-(5-(5-hexylthiophen-2-yl)thiophen-2-

yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (6) (0.689 g, 1.83

mmol, 1.26 equiv.), and Pd(PPh3)4 (42 mg, 0.036 mmol) were

added to a 50 ml Schlenk flask and subjected to three vacuum/
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argon refill cycles. Argon degassed toluene (12 ml) and aqueous 2

M K2CO3 (7 ml) were added to the above mixture and stirred for

10 min under argon. After three vacuum/argon cycles the mixture

was heated at 80 �C for 24 h then monitored via TLC for reaction

completion. Toluene was removed using a rotovap and the

product extracted with dichloromethane, then successively

washed with water, and dried over MgSO4. Removal of the

solvent afforded the crude product which was then purified using

column chromatography (silica gel, hexane : dichloromethane as

eluent) gives the product as dark orange crystalline solid (0.550 g,

65%).

dH (400 MHz, CDCl3): 8.02–8.01 (d, 1H, Btz), 7.95–7.94 (d,

1H, Btz) 7.81–7.79 (dd, 2H, Th), 7.19–7.18 (d, 1H, Th), 7.10–7.09

(d, 1H, Th), 6.87–6.86 (d, 1H, Th), 6.72–6.71(d, 1H, Th), 2.88–

2.79 (t, 4H, 2CH2), 1.75–1.70 (t, 4H, 2CH2), 1.40–1.29 (m, 16H,

8CH2), 0.90–0.88 (t, 6H, 2CH3).

dC (100 MHz, CDCl3): 153.00, 148.39, 146.37, 139.56, 137.94,

137.19, 135.08, 128.47, 127.93, 126.52, 125.64, 125.57, 125.42,

125.33, 124.17, 124.11, 32.27, 31.96, 30.64, 29.75, 29.62, 29.17,

23.06, 14.44.

Found: C 65.88, H 7.61, N 4.78, S 22.79%; Calculated for

C32H38N2S4: C 66.39, H 6.62, N 4.84, S 22.16%; FD-Mass

Spectroscopy calcd for C32H38N2S4: 578.19. Found: 578.14.

4.4.5. 4-(5-octylthiophen-2-yl)-7-(4-(5-octylthiophen-2-yl)ben-

zo[c][1,2,5]thiadiazol-7-yl)benzo[c][1,2,5]thiadiazole (2T2B).

Compound 5 (0.125 g, 0.30 mmol), compound 4 (0.160 g, 0.35

mmol, 1.16 equiv.) and Pd(PPh3)4 (25 mg, 0.017 mmol) were

added to a 50 ml Schlenk flask and kept under vacuum for 15

min. Nitrogen degassed toluene (12 ml) and 2 M K2CO3 (7 ml)

were added in the above mixture and stirred it for 10 min under

argon. Vacuum argon cycles were repeated for three times and

the mixture was heated at 80 �C for 24 h then monitored via TLC

for reaction completion. Toluene was removed using a rotovap

and the product extracted with dichloromethane, then succes-

sively washed with water, and dried over MgSO4. Removal of the

solvent afforded the crude product which was then purified using

column chromatography (silica gel, hexane : dichloromethane as

eluent) gives the product as orange crystalline solid (0.140g,

70%).

dH (400 MHz, CDCl3): 8.41–8.40 (d 2H, Btz), 8.01–8.00 (d,

2H, Btz), 7.97–7.95 (d, 2H, Th), 6.91–6.90 (d, 2H, Th), 2.92–2.88

(t, 4H, 2CH2), 1.79–1.75 (t, 4H, 2CH2), 1.43–1.30 (m, 20H,

10CH2), 0.91–0.87 (t, 6H, 2CH3).

dC (100 MHz, CDCl3): 154.60, 153.17, 148.79, 137.11, 131.63,

128.41, 128.01, 127.95, 125.68, 125.31, 32.26, 32.01 30.74, 29.74,

29.61, 29.54, 23.05, 14.47.

Found: C 65.69, H 6.40, N 8.60, S 19.16%; Calculated for

C36H42N4S4: C 65.61, H 6.42, N 8.50, S 19.46%; FD-Mass

Spectroscopy calcd for C35H42N4S4: 658.23. Found: 658.19.

4.4.6. 4,7-bis(5-octylthiophen-2-yl)benzo[c][1,2,5]thiadiazole

(2T1B). Compound 2 (2.92 g, 6.01 mmol), dibromobenzothia-

diazole (0.600 g, 2.04 mmol) and Pd(PPh3)4 (70 mg, 0.047 mmol)

were added to a round bottom Schlenk flask and kept under

vacuum for 15 min. 15 ml of DMF was then added in the above

mixture under argon and stirred for another 15 min. The solution

was subjected to three vacuum/argon refill cycles and was then

refluxed with vigorous stirring for 72 h under argon. Reaction
3236 | J. Mater. Chem., 2009, 19, 3228–3237
completion was confirmed by MALDI-TOF and TLC. The

mixture was then poured into water and extracted with

dichloromethane. The organic layer was washed 2� with water

and dried over MgSO4. The crude product was purified using

column chromatography (silica gel, hexane: dichloromethane as

eluent) to yield 0.550 g (51%) of the product as bright orange

solid.

dH (400 MHz, CDCl3): 7.93–7.92 (d, 2H, Btz), 7.76 (d, 2H,

Th), 6.87–6.86 (d, 2H, Th), 2.90–2.86 (t, 4H, 2CH2), 1.76–1.74 (t,

4H, 2CH2), 1.33–1.28 (m, 20H, 10CH2), 0.90–0.87 (t, 6H, 2CH3).

dC (100 MHz, CDCl3) 153.08, 148.14, 137.27, 127.77, 126.23,

125.54, 32.24, 32.00, 30.69, 29.72, 29.58, 29.56, 23.02, 14.42.

Found: C 68.90, H 8.44, N 5.39, S 17.94%; Calculated for

C30H40 N2S3: C 68.65, H 7.68, N 5.34, S 18.33%; FD-Mass

Spectroscopy calcd for C30H40 N2S3: 524.24. Found: 524.29.
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